This article bases on Guangzhou HJ satellite images-HJ-1B/CCD and HJ-1B/IRS as data sources, using the synchronous multi-source remote sensing data on the pixel scale MOD021KM to retrieve atmospheric moisture content and the atmospheric transmissivity, combining upward and downward longwave radiation and the surface emissivity. On that basis, using modified radiative transfer equation algorithm 、 mono-window algorithm and generalized single-channel algorithm for HJ-1B satellite to retrieve LST of Guangzhou district and compare the MODIS-LST product in the same day from average temperature, land types of underlying surface temperature range, mean temperature and Guangzhou image pixel based range of qualitative analysis to quantitative and combined with field observation data validation. Results show that the radiative transfer equation algorithm is more precise than mono-window algorithm and generalized single-channel algorithm and its results differ slightly from the MODIS temperature product, being 0.34K on average. Moreover, the overhead of the satellite is only 15 minutes different from the time of MODIS-LST product. Therefore, the radiative transfer equation algorithm for the land surface temperature retrieval from HJ-1B satellite is acceptable in accuracy.
INTRODUCTION
Land surface temperature (LST) is an important physical parameter that can describe the material interchange and energy balance between land surface and atmosphere. LST is also a key factor in land surface process both on global and local scales (Wang and Chen, 2012) , and now is widely applied in many domains such as climatology, hydrology, ecology and biogeochemistry (Luo and Zhang, 2010) . Over the past several years, with the rapid development of remote sensing technology, thermal infrared remote sensing retrieval has become a primary method of acquiring the regional LST, and many LST retrieval algorithms have been developed, mainly including single-channel algorithm (Jiménez-Munoz,and Sobrino, 2003) , mono-window algorithm , multi-channel algorithm (also known as the split-window method) (Ulivieri and Francioni, 1994; Mao and Qin,1996) and multi-channel & multi-angle method (Sobrino and Stoll, 1996) . However, the Landsat ETM+ Airborne Data Scan Lines Corrector (SLC) broke down, and the Landsat TM satellite stopped acquiring the remote sensing images due to the rapid burn-in of satellite amplifier since the November, 2011. A new remote sensing data source now is urgently required. China's environment and disaster monitoring and forecasting satellite constellation consists of two optical satellites (HJ-1A and HJ-1B) and a synthetic aperture radar (SAR) satellite (HJ-1C). These two optical satellites were both equipped with two widecoverage multi-spectral visible cameras (CCDs). In addition, a hyperspectral imager was installed on HJ-1 and an infrared scanner was installed on HJ-1B. The infrared camera ranges from 0.75 to 12.5 um and include totally 4 bands, which can scan the earth every 96 hours. Compared with Landsat and ASTER satellites, the data collected by HJ-1B exhibit the advantages of short revisiting period (4d) and wide breath (720 km). Although HJ-1B is inferior to Landsat, it is significantly better that MODIS and AVHRR. Therefore, HJ-1B is expected to be more widely applied in environmental disaster monitoring and other fields. Currently, there have been a great deal of research on the comparison of LST retrieval results using three different algorithm from TM data (Meng and Zhang, 2005; Huang and Xing, 2006; Zhou and Li, 2011) , while few studies have been focused on the retrieval of LST using these three different algorithm from HJ-1B data. Based on the collected HJ-1B remote sensing data, Sun et al. retrieved the LST data in Taihu Lake Basin using the mono-window algorithm proposed by Qin, the generalized single-channel algorithm and the image-based Artis retrieval algorithm, respectively, and found that the results using the generalized single-channel algorithm were of highest accuracy (Sun and Zhang, 2011) . Besides, they compared the retrieval LST data with the results from MODIS data during the same period. In this study, some empirical formulas were proposed for the LST retrieval from Landsat TM data, which should be re-fitted for the application to other different sensors in the corresponding thermal infrared band. In this articles, based on the previous research results, the above-described three LST retrieval algorithms were modified in accordance with the response characteristics of HJ-1B in the thermal infrared band. Then, using these three modified algorithms, the LST data were retrieved from the collected HJ-1B images in Guangzhou, China. Finally, these retrieval results were compared with the retrieval LST results from MODIS and field measurements results, so as to find the most suitable algorithm for the LST retrieval from the environmental satellite data.
GENERAL INTRUCTION OF THE RESEARCH AREA, DATA SOURCE AND DATA PRE-PROCESSING

.General Introduction of the Research Area and Data Source
Guangzhou (112°57'~114°35′ E, 22°36'~24°04′ N) is located in the south of Guangdong, China. It borders the South China Sea to the south and the Nanling Mountain to the north, and is characterized by a typical oceanic monsoon climate. The annual average temperature is 20~22 ℃, and the annual precipitation is 1982.78 mm, with an annual average relative humidity of 77%. Different parameters should be acquired for the application of algorithm. After data screening, the data collected by one-scene Environment 1 satellite HJ-1B/CCD1 (with the orbit of 1/88, at 10:45) and one-scene HJ-1B/IRS (with the orbit of 3/86, at 10:45), as well as the one-scene MOD021KM remote sensing data and one-scene MOD11-L2 temperature data (at 11:00) were used in the present study. All these images are of high quality, low cloudiness, clear ground features and less interference.
Geometric Precision Correction
Firstly, we conducted geometric precision correction on the data collected by HJ-1B/1RS and HJ/1B/CCD1, in which 30 control points were selected so that the geometric error could be strictly controlled in a pixel. In order to remove the bow-tie effect, geometric correction was also conducted on MODIS data with the use of MODIS Conversion Toolkit. Using these correction methods, the data were re-sampled using the quadratic polynomial geometric correction method and bilinear interpolation method, and the projection coordinates were all converted to UTM-WGS84 coordinate system. Finally, the collected CCD data and the remote sensing data in thermal infrared band were cut in accordance with the vector boundary map of Guangzhou.
Atmospheric Correction
Atmospheric correction is the key to the acquisition of land surface reflectance. The radiation correction should be firstly conducted before atmospheric correction. Using the absolute radiometric calibration coefficient, the DN value of CCD image can be converted to the value of radiance L according to the following formula:
For the image collected by IRS-Band 3 in thermal infrared band, the radiance can be calculated by:
in which A denotes the gain of the absolute calibration coefficient, L0 denotes the offset and DN denotes the image's gray value. Table 1 and Table 2 list the calibration coefficients of CCD camera and IRS camera in the header file. After radiometric calibration, the atmospheric correction was then conducted using the image-based 6S model in this article. 
Retrieval of Water Vapor Content in the Atmosphere
According to the research results by Ment et al., the water vapor data collected by MODIS are not always appropriate for the water vapor research in some small-scale regions; and the multi-channel ratio method may provide more accurate results. Therefore, the water vapor content in the atmosphere can be retrieved from MOD021KM data. The 2nd and 5th bands of MOD021KM data are the atmospheric windows while the 17th and 19th bands are the water-vapor absorption bands. In this article, the water vapor content in the atmosphere was retrieved using the method proposed by Sobrino et al ( Sobrino and Kharraz, 2003 w denotes the weighted average value of the estimated atmospheric water vapor contents in three bands.
Calculation of Land Surface Emissivity
There are currently many methods for the calculation of land surface emissivity. The multi-spectra camera in HJ-1B satellite can offer land surface reflectance information, while the land surface emissivity in the 4th band can be determined using the commonly-used NDVI (normalized difference forest index) threshold method (Liu and Wang, 2012) . On a 300-m scale, it is reasonable to divide the natural land surface into the pixel of forest, the pixel of soil and the mixed pixel of forest and the pixel of soil. Assuming that dense forest regions exists in the image, the average NDVI value of this region can be used as the value of (1 ) 
THREE LST RETRIEVAL ALGORITHMS BASED ON THE DATA COLLECTED BY HJ-1B IN THERMAL INFRARED BAND
Radiative Transfer Equation Algorithm
Radiative transfer equation algorithm is also referred to as atmospheric correction method. Land surface temperature can be calculated by:
in which K1 and K2 are the constants,  denotes the wavelength and ( , )  s BT denotes the blackbody radiance. For the thermal infrared band of HJ-1B, the effective wavelength is 11.511.
 s BT can be calculated by: 
Generalized Single-Channel Algorithm
By expanding the first-order Taylor series at a certain temperature c T , Jiménez-Muñoz and Sobrino proposed an universal algorithm for the retrieval of LST using the remote sensing data in thermal infrared band. The specific calculation formula can be written as: 
Mono-Window Algorithm
Based on land surface thermal radiation transfer equation, Qin derived a kind of LST retrieval algorithm only using the remote sensing data in a thermal infrared channel Qin and Minghua, 2003) . This algorithm is also known as the QB  K algorithm, and the specific formula can be written as:
in which (Zhou and Zhang, 2012 
ANALYSIS AND VERIFICATION OF LST RETRIEVAL RESULTS
Retrieval Results of LST Spatial Distribution in Guangzhou, Comparison Analysis And Precision Verification
As to the comparison and verification of LST retrieval results from remote sensing data, the most reasonable method is to make the comparison between the LST results retrieved from the environmental satellite data in thermal infrared band and the real-time measurements of LST on the pixel scale when the satellite is flying across the sky.
However, it is quite difficult to obtain the real-time measurement data set of LST. Since the satellite flies across the sky so quickly, it is scarcely possible to acquire a LST data set and the related atmospheric data that are matched with the pixel area using a simple and convenient method in such as short period. An alternative method is to assess the performances of LST retrieval algorithm using the high-precision MODIS temperature data (measured by MOD11_L2, with the precision less than 1 K) provided by NASA as the standard values. The spatial resolution of HJ-1B data in thermal infrared band is 300 m while the spatial resolution of the data collected by MOD11_L2 is 1 km. In order to make a comprehensive and effective evaluation on the LST detection ability using the data collected by HJ-1B satellite in thermal infrared band, the resampling spatial resolution of MODIS data was set as 300 m so that the MODIS data were consistent with the HJ-1B data in thermal infrared band. Finally, the LST distribution in Guangzhou was retrieved using three different algorithms, as the results shown in Figure. 
LST distribution in Guangzhou collected by MODIS E. NDVI distribution in Guangzhou
As shown in Figure. 1 A, B and C, the retrieval results of LST distribution in Guangzhou using different algorithms exhibit almost the same variation tendencies. Specifically, LST is mainly distributed in the range of 290 ~ 294 K in Tianhe District, the industrial park in the south of Huadu District; LST is mainly distributed in the range of 284 ~ 290 K in Zengcheng City, Conghua City and the northern Huadu District; overall, LST in Guangzhou urban area, Fanyu District and the industrial park in the south of Huadu District is obviously higher than that in Zengcheng City and Conghua suburban district. Figure. 1 E displays the NDVI distribution in Guangzhou, from which we can observe that Zengcheng City and Conghua City are the regions with dense forest, which may alleviate too high LST to a certain degree. According to the statistic data, the average LST retrieved by the generalized single-channel algorithm, the mono-window algorithm and radiative transfer equation algorithm are 289.99 K, 289.47 K and 291.08 K, respectively; the average LST collected by MODIS-LAT is 291.24 K. The retrieval results using mono-window algorithm exhibits a comparatively larger deviation, while the retrieval results using generalized single-channel algorithm and the algorithm based on radiative transfer equation algorithm are closer to MODIS data.
To further acquire the retrieval accuracy using three algorithms, we focused on the retrieval results for the land surfaces with different coverage types and analyzed the difference in the retrieval results for different underlying surfaces using these three algorithms. Based on the HJ-1B/CCD images, the whole Guangzhou was divided into five types of lands in terms of forest, building, water, farmland and bare soil. For the retrieval results using three different algorithms, the retrieved LSTs in water and forest are comparatively low, while the LSTs in bare soil, building land and farmland are obviously high than that on the underlying surface of forest. The results indicate that these three LST retrieval algorithm can favorably reflect the spatial distribution of LST on different underlying surfaces. According to the statistics, the average difference between the retrieval LST using the generalized single-channel algorithm and MODIS temperance value is 1.25 K, in which the temperature difference in bare soil is largest (1.8 K) and the difference in water is smallest (1.13 K); the average difference between the retrieval LST using mono-window algorithm and MODIS temperance value is 1.77 K, in which the temperature difference in bare soil is largest (2.15 K) and the difference in water is also smallest (1.22 K); the average difference between the retrieval LST based radiation transmission algorithm and MODIS temperance value is0.16 K, in which the temperature difference in bare soil is 0.81 K and the difference in water is 0.21 K. Figure. 2 displays the comparisons between the LST retrieval results using three different algorithms and MODIS-LST temperature data on different underlying surfaces. Obviously, in terms of retrieval precision, the retrieval LST based on radiative transfer equation algorithm is highest, followed by the result using the generalized single-channel algorithm and the result using the monowindow algorithm is poorest. The retrieval results using these three algorithm are all acceptable in terms of average error precision, i.e., the aim of the pilot application of the quantification of thermal infrared data can be achieved. It should be pointed out that the comparison of the LST results on these five different underlying surfaces in Guangzhou is not adequate. To gain a more accurate quantitative relationship of LST distribution among each pixels in Guangzhou, we calculated the temperature differences between the retrieval results using three different algorithms and MODIS-LAT data and plotted the histograms, as shown in Figure. 3. -5 -4.5 -3.9 -3.3 -2.7 -2.1 -1.5 -0.9 -0.3 0.3 0.9 1.5 2.1 2.7 3.3 3.9 4.5 5 b c Figure 3 . Fluctuations of the temperature differences between the retrieval results using three difference algorithms and MODIS-LST data a. Fluctuation of the temperature between the retrieval results based radiative transfer equation algorithm and MODIS-LST data b. Fluctuation of the temperature between the retrieval results using mono-window algorithm and MODIS-LST data c. Fluctuation of the temperature between the retrieval results using the generalized single-channel algorithm and MODIS-LST data As shown in Figure3, for the LST retrieval in Guangzhou, the temperature differences between the retrieval results using the generalized single-channel algorithm and MODIS data are concentrated in 0.6~2.1 K; the temperature differences between the retrieval results using mono-window algorithm and MODIS data are concentrated in 0.9~2.4 K; the temperature differences between the retrieval results based on radiative transfer equation algorithm and MODIS data are concentrated in -0.9~0.9 K. Obviously, the retrieval results of LST in Guangzhou based on radiative transfer equation algorithm are superior to the results using the generalized single-channel algorithm and mono-window algorithms in terms of accuracy. In terms of retrieval accuracy, the algorithm based on radiation transmission algorithm is most favorable, and the generalized single-channel algorithm is better than mono-window algorithm. Conclusively, the LST retrieval results based on radiative transfer equation algorithm using HJ-1B/IRS data fit well with the MODIS-LST temperature data in Guangzhou.
Verification by the Measured LST Data
The low resolution of MODIS data may lead to large variation amplitudes of the retrieval results using three algorithms and thus affect the retrieval accuracy. Therefore, in order to further verify the retrieval accuracy using different algorithms and the MODIS data quality, six observation regions that reflect different functions in Guangzhou (specifically, Tianhe Park, South China University of Technology, the Baiyun Mountain, the Canton Tower, Guangdong Olympic Sports Center and the Lianhua Mountain Scenic Spot) were selected for temperature measurements. The temperatures were measured by a hand-held infrared radiometer. The HJ-1B thermal infrared image data are 300 m in spatial resolution. HJ-1B/IRS satellite transmits Guangzhou at 10:45 while Terra satellite transmits Guangzhou at 11:00. Accordingly, the temperate measurements were conducted in these regions every five minutes during the period from 10:30 a.m. to 11:10 a.m. on January 4, 2013. The temperatures on different underlying surfaces were recorded as much as possible, and then the average temperature values in these regions were calculated and compared with the retrieval results at the corresponding positions. Finally, the calculated average temperature values, MODIS temperature data and the retrieval results using different algorithms in the above-described different observation regions were compared, as shown in Table 3 . As shown in Table 3 , the retrieval results of LST from HJ-1B satellite data using three algorithms are in good consistency with MODIS temperature data and the measured results. The difference between the measured average temperature and MODIS-LST average value is 0.34 K. The measured temperatures in different regions are close to MODIS-LST data. The temperature difference between the measured result and MODIS-LST value in Guangzhou Olympic Sports Center is largest (1.19 K), which may be due to the fact that Guangzhou Olympic Sports Center is close to Guangzhou downtown and exhibits great transport exhaust gas emissions and a sparse forest coverage. The difference between the measured temperature and MODIS-LST value in Lianhua Mountain is only 0.09 K, since the temperature in this region is slightly affected by forest and water. Overall, the measured temperature results are consistent with MODIS-LST results. By comparing with the measured temperature results, one can also conclude that the retrieval results from HJ-1B satellite based on radiative transfer equation algorithm are most favorable, followed by the results using the generalized single-channel algorithm and the results using the mono-window algorithm are relatively poorest. This conclusion is coincident with the abovedescribed LST spatial distribution result. The retrieval algorithm based on radiative transfer equation algorithm can provide satisfactory LST results from HJ-1B satellite data in thermal infrared band, which can also be applied in the monitoring and analysis of heat island effect in Guangzhou.
CONCLUSIONS
In accordance with the data characteristics collected by our independently developed HJ-1B satellite in thermal infrared band, three different correction algorithms were adopted for the retrieval of LST in Guangzhou. Results show that, the retrieval results using these three algorithms are basically consistent with the MODIS-LST data in the spatial distribution of temperature. Specifically, the temperatures in Tianhe District, Huangpu District and Panyu District generally range from 290 to 294 K, which are higher than the results in Conghua City and Zengcheng City. According to the statistics and analysis results, based on radiative transfer equation algorithm, the average difference between the retrieval results and MODIS-LST data on different underlying surfaces is 0.16 K, the temperature differences with MODIS-LST data in each pixels are concentrated in -0.9~0.9 K, and the average temperature difference with the measured results is 0.34 K; using the generalized single-channel algorithm, the average difference between the retrieval results and MODIS-LST data on different underlying surfaces is 1.25 K, the temperature differences with MODIS-LST data in each pixels are concentrated in 0.6~2.1 K, and the average temperature difference with the measured results is -1.24 K; using mono-window algorithm, the average difference between the retrieval results and MODIS-LST data on different underlying surfaces is 1.77 K, the temperature differences with MODIS-LST data in each pixels are concentrated in 0.9~2.4 K, and the average temperature difference with the measured results is -1.49 K. The algorithm based on radiative transfer equation algorithm is most favorable both in qualitative and quantitative analysis results, followed by the generalized single-channel algorithm and the mono-window algorithm provided the poorest retrieval LST results. Conclusively, the retrieval results based on radiative transfer equation algorithm have the highest accuracy. The goal of the application demonstration of the quantification using the environmental satellite data in thermal infrared band can be achieved, i.e., the environmental satellite can be widely applied in the monitoring and analysis of thermal environment in Guangzhou in future.
